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Abstract 
This paper presents a nurncrical  modcl  of  tcmpcraturc fictd in  lascr butt  welded plate. Thc  tcmpcraturc ficld  in thc wcldcd joint  was 
obtained using the finitc difrcrcncc mcthod to solve thc hcat transfer cqualion with a convection unit in  EuIcrian coordinatcs. Larcnt hcat, 
hcat  of  phasc rransforrna!ion  in  solid  statc and  evaporation  hcat  wcrc  considcrcd  in  thc nurncrical  algorithtn. Thc  thcrmo-physical 
parameters in  hcat transfcr cquation wcrc assumcd as dcpcnding on tcrnpcraturc. The Goldak's  modcl was uscd lo  rcprcscnt ihc rnovablc 
wclding sourcc taking into account thc cl~angc  in  a powcr dcnsity wilh dcpth ol  thc wcld. Thc tcmpcraturc distributinn in  thc wcld  was 
determined. The characteristic arcas of a joim. c.g.  melting zonc, hcat-affccted zonc. wcrc numerically computcd. 
Keywords: hcat transfer, lascr wclding; tcmpcraturc ficld; nurncrical simulation 
1. Introduction 
Highly conccntratcd  laser bcam  causcs  rapid  melting  of  a 
matcrial  allowing  ro  achicvc  thc  high  wclding  spccd  which 
produccs narmwcr mclting  zonc  and smnllcr hat-aTfcctcd  zonc. 
During the lascr welding  thc ~naterial  is  percussively heatcd  to 
vcry high icrnperatures reaching cvcn thc boiling point of stccl. A 
local incrcasc in  tcmpcratilrc !cads not only to mclting but also to 
partial evaporation or stccl. The pasamcters of  thc movablc hcat 
sourcc with  high  powcr dcnsiry difrer from thc classical hcating 
sourccs applicd in  thc wclding tcchniqucs. 'Thc  most  important 
parameter of  thc movablc heal  sourcc is dccp pcnctration of  the 
weldcd material 11.3, 7, 8.  101. This depth is closely connected to 
thc power density, concentration mtio and physical  propcrtics of 
the  marerial.  A  locaI  increase in  temperature  leads not  only to 
rnclling  but  aIso  to  thc  partial  evaporation  of  stecl  and  to 
formalion of  the  mclting  pool  as  wcIl  as kcyholc. The  kcyholc 
also stands Tor thc hcat sourcc pcnctrating material. Thc scIection 
of  an  appropriate shapc of  thc  kcyholc and  mcthod  of  cncrgy 
emission is significant considering lormal rulcs of modcling [ 1-3, 
5-8, 101. Ncw mnthcmatical modcls rcrcrrinc to thc disrribu~ion  of 
encrgy flux in rhc wcldcd marcrial, rcflcciing rcal conditions with 
high degrec of accuracy. havc bccii constantly scarchcd. 
Thc  Ixcr bcam  powcr  and  i~  distribution  in  ~hc  wcldcd 
clcrncnt  has significant  influcncc  on qiiality  and  shapc  of  thc 
weld.  Numerical  modelling of  llicrmat  phenomenon  in  wclding 
proccss  generally  prcsumcs  Gaussian  distrihi~lion  of  thc  lnscr 
bcam powcr [  1, 3.7,  to]. Constant lascr bcam powcr on thc wholc 
dcpth of  thc lascr pcnctration ,A'' at cslnblishcd cylindrical shapc 
of  he  source  11,  71  is  assu~ncd  along  rhickncss of  thc wcldcd 
clcment. Or it is assumcd that lascr beam powcr dccrcascs with an 
increase  in  its dcprh  of  pcnctratinn  at  established  conical  or 
~runcatcd  conical shapc of sourcc - what implics from analysis ol' 
this process [3,  101. 
The paper prescnts nurncrical analysis or rcrnpcraturc [icld in 
laser butt  wcldcd plat. Thc Goldat's hcat  source  was  uscd  lo 
modcI the distribution of thc hcat soilrcc cncsgy. Thc tcmpcraturc 
fieEd  was obtaincd by solution of  the hcal transfcr equation with 
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objcct  motion  ~omrds  srazionar),  welding  hcad.  The  finite  q,  (x, y,  t)  = 6fif,~  cxp(-3,) x2 cxp(-3-)  Y'  x 
difference  mcthod  and  forward  schcrnc of  timc  integration was  nbc,n&  o  b2 
applied ro  convert  mahcmatical  modct  into  numerical  modcl. 
Latent  hcat, hcat  of  phasc  rransformation, evaporation  heat,  ;LS  zZ  x CXP(~~) 
well as depcndcncc of thcrrno-physical pararnctcrs on tcmpcrature  CI 
wcrc considcrcd in  thc algorithm. Thc zcmpcraturc distributions in  6&f*e  xZ  butt joint wcrc presented, and thc wcld and thc hcnt-affcctcd zonc  q,  (x, y,  z) = 
y2  cxp(-3,)  c~p(-3-~) 
were numerically dctcrmincd.  alrc,xfi  n  b 
2. A mathematical mode1 
The temperature ficld was obtaincd by solution of nonsteady  wherc a, b, c, and cl arc sct of 6uutes that definc front ctlipsoid and 
hcat  transfcr  equation  in  Eulcrian  coordinates  that  can  bc  sear  ellipsoid, f, and fi (f,  +f2=2) rcprcscnt  distribution of  thc 
expressed by [hc rollowing cxprcssion:  source energy at ithe front and thc mar section OF thc sot~rcc.  thus 
resultant distribution of khc  sourcc cncrgy is  ~ofal  sum described 
as  Q,(,~y,z)=q,t.r,y,z)+q~(,~,y,z).  Factors  ns  follows:  c,=cz=c, 
aT(x'f)  C  VT(X, 1). u +  = 0  (  1)  cross-section of  beam in  circular shape, o equals c, arc sugpe~tcd  v  .  (nvr(,,  r))-  crj  - 
cf  to  model  powcr of  the velurnctric lascr bcarn. -=  1  inin and 
b=7  mrn  was  assumcd  in  computations,  providing  thc  wcld 
whcrc  h=A(T)  is  thcrmal  conductivity  which  varies  with  penetration. 
zcrnpcralurc [WJmKl, Ccf is hcat capacity which includcs hcat or  Thermal conductivity was dcfincd as dcpcnding on  tcrnpcmtitrc 
 rans sf or mat ion,  6 = Q,,  +  @!'  is  volumctric heat  sourcc [~fm'].  (fig. 1). 
where  Q, is  hcating  sourcc  and  Q,P  givcs  consideration  to 
matcrial cvaporation heat in  thc kcyhole.  x = xQ,)  is a vccror of 
point a position and v = v(x,l)  is vcctor of  wctding velocity. 
Initial conditions. boundary conditions of Dirichlct, Ncumann and 
Newton  type, which takcs inta account the convection heat  loss, 
radiation emission heat  loss and evaporation  hcat  loss complete 
the cquation (1) 
wherc  Q  is  convcclivc  cocfficicnt  (nssumcd  a5: 
100 [w/(~'K)]).  E  is radialion coefficient (~0.5).  and u is 
Stefan-BoEzzmann  constant.  Elcmcnt  a,(<,)  is  the  heat  flux 
towards the  top  surface of  the  wclded  elcment (z=0) in  sourcc 
fieid dcscribcd with radius r,, .  while Pl(r;,)  represents hcat loss 
due to matcrial evaporation in area where T~TL. 
This work adopted Goldak's  modcl of  thc hcat sourcc pwcr 
distribution. where  change  in  cncrgy with  the depth  of  wctded 
elcment has exponential character [2. 51.  Authors of [5]  showcd 
suitability of [his heat source model for modcling high penetration 
welding. Shapc of Goldak's sourcc is a combination of two half- 
ellipses  conncctcd  to  cach  ahcr with  one  semi-axis.  Powcr 
distribution of this 'doubIe ellipsoidal'  heat  sourcc is formuIated 
as Follows 
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Fig.  1. Thermal conductivity assumcd in camputalions. 
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Latent  hcat  was  computcd  with  solidus  phasc  Iincar 
dependcncc  bctwccn  the  solidus  (Ts) and  thc  liquidus  (TL) 
kcmperatures,  in  the  computations  thcrmo-physical  paramctcrs 
were assumed  as  foltows: cs=650.  cL=840  [Jl(kgK)]  (solid  nnd 
liquid specific hcat). p5=7800,  pL=G800  [kglm3] (solid and  liquid 
density). k270~10'  fJ/kg] (latcnt hcat  or fusion) and Ts=  1750 K 
i TL=  l  SO0  K. 
Heat of  phasc transformation was dcfincd as a function of a 
new  phase  growth  bctwccn  T,  and  Tf (inilial  tcrnvraturc  and 
finishing  tcmpcraturc  of  thc  phasc  transformation).  Phase 
transformation heat  (austcnirc  info  fcrritc, pcarlitc.  bainite  md 
martensitc) was established  according to data rcprescnrod:  in 14. 
'I  91: H~+~~X~O~.  ~~~~~10~.  and IjA+D=IjA4=  I  1.5~  10  [J/kgl. 
Thc volurnctric heat ol  evaporation in  keyhoEe was defined in 
the  following  equation:  Q:=Jtl,/d  or  TZT,  whcre 
i 
f1,,=76~10~  [Jlkg]  is  stecl evaporation hcat.  J-80  [kgl(rn2s)] is 
cvaporation flux and T,  is thc boiling tcmpcrarurc of s~ccl. 
9D-p- 
Z 80-- 
E 
70- 
5. 
! 
- 
I 
\  11 
ARCHIVES of  FOUNDRY ENGINEERING Volume 8, Special  Issue 112008, 277-280 3. Exarnplcs of computations 
Numerical sirnula~ion  of thc  rcrnpcmturc fictd (3D  prohlcm) 
was  carricd  out  for  thc  ct~hoid  clcmcnzs  with  250~50x5  in 
dimension,  weldcd  by  the  lnscr  hcam.  Schcmc  or  system, 
considcrcd  in rhc  numcrical cemputations.  is  shown  in fig.  2. 
Using 
weld line 
Fig. 2. Schcrnc or  lhc considcrcd sysrcm 
symmctry of joint.  its barf - with assumption of  hcnt  isolation in 
symmetry planc - was considcrcd in  computntions, A mcsh stcp in 
thc wcld zenc and in thc hcat-affccfcd zone (IIAZ) was cqual to 
h=0,1  mm,  while  beyond  hcat-afkctcd  zonc  [in y  direction) 
dimension  of mcsh  step  was  subrniltcd  to  tnuItiplication  of h 
dirncnsion in  relation to thc lcngth of I  lAZ hordcr. Parninctcrs or 
welding process wcrc bas4 on cxpcrirncn~al  dnra: pnwcr or  lnscr 
beam e3.8  kW,  radius srF 1  mm, c~ficicncy  q=0.75  nnd wclding 
vctocity 19.7  dmin. 
Tcmpcraturc distribution in thc wcldcd clcmcnr is cxposcd in 
figures 3+7. 
Pig. 3.  Tcmpcra~urc  distribution a1 thc lop surracc 
(from Face of  t hc wcld) 
Fig. 4. Tcmpcratt~rc  dis~rihution  at ~hc  lop st~rfi~cc  (fro111  L~tc  of 
thc wcld) and longitudinal-scction of thc wcld at I:lscr hcn~n  pl:~nc 
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Pig. 5.  Tcmpcrati~rc  rlist rihul  inn in various vnltrc nr  tlcpth 
at Sascr bciim plimc 
Fig. 6. Tcrnpcra!urc  dislri  hution in vnrinus v;~luc  nT ricp~ll 
at planc for y = E  inln 
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In fig. 4 Icmpcrarurc distrihuti~n  at  the top surhcc (from facc of 
Ihc  wcld)  and  longitudinal-sccrion  of  thc  wcld  at  laser  bcam 
planc.  whcrc  wcld  rt~sion  zonc (T=Td and hcat  affectcd  zone 
(T= 1000 K) arc markcd is prcscntd. Thc  ~crnpcsaturc  changcs in 
various vatuc or dcprh  (lop, middlc and  botrom  surface)  along 
longitudinal dircciion at hqcr bcam planc and at pEanc  Tor  y=  3 rnm 
arc  illusrra~cd  in  figure  5  and  6.  Fig.  7  (left  sidc)  prcscnts 
tcmpcmtllrc distribution at cross-scction of ~hc  wcld in  which thc 
highest ~crnperalure,  maximally widc mclting zonc and maximally 
wide hcat-affcctcd zonc wcrc obtained. Numerically dctcrmincd 
zoncs ol  wcldcd joint arc also prcscntcd in ligurc 7 (right side). 
According  10  the  prcscnted  rcsul  IS  of computa~ions, an 
application of  Goldak's sourcc rnodcl to rhc volumc~ric  rndclling 
or  hcaz sottrcc allows for thc proper modelling of hen1  Innsport in 
thc lascr wcldcd clcmcnt (fig. 4 and fig. 7). 
[I] Bokota A..  Pickarska W.,  Naprnzcnnojc sostojanic svarnycl~ 
socdincnij,  vypolncnnych  Iazcrnoj  svarkoj  s  podogrcvcrm. 
Proc.  of  Int.  Con  fcrcncc  M  tlthcmntical  Modcll  ing  and 
Information Tcchnologics in Wclding and Rclnrcd Pmccsscs, 
Katsivcli. Crirnca.  Ukrainc. cd. V.I.  Makhncnko, H. 0.  Pn!on 
IVclding Inst. of  NAS of  Ukninc, Kicv 2004,32-37. 
[2] Gcry D.. Long 11..  Maropnt~los  P.. Effects of wclding spccd, 
cncrgy  input  and  hcal  sourcc  distrihut ion  on  tcwpcratiirc 
variations  in  butt  joint  wclding,  Journal  of  MatcriaIs 
Pmcssing Tcchnolopry, 2005, 3 67,39340 E 
[3]  Kyrsanidi  An,K.,  Kcmanidis  Th.13.,  Pantclakis  Sp.G., 
Numcsical and cxpcrimcntal invcstiptian of thc laser Forming 
proccss.  Journal  of Marcrials  Pmccssing Tcchnology,  87, 
1959,  S.  28 1-290. 
M kc  K. J..  Chanctcristics  of  hcaa  gcncntion  during 
transformation in  carbon stccls.  Scripta Malcrialia. 40.  1999, 
S. 735-742. 
151:  Mairi A.  Dc. S.  K.,  Walsh  C.  A..  Bhadcshia il. K.  D.  11.. 
Finitc clcmcnt sirnuration of lascr spor  nrlding. Scicncc and 
Tcchnology of  Wclding and Joining. 2003, 8.  s.377-384. 
[GI Parkitny  K.,  Pnwlak  A.,  Pickarska W.:  Thcrmal  mdcl or 
submcrgcd arc  wclding,  Materials Scicncc  and Tcchnology. 
1942,8,841-844. 
[7] Pickarska  W.:  Wplyw  wstepncgo  podgrzcwnnin  podcras 
spawania  Inscrorvcgo  na  kszraltorvnnic  sic  slrcfy  ivplgrvu 
ciepla,  Tcchnalogia i Automalyzacjn Montn2u. 2004. 3P1. RI- 
85. 
[R] Pitarczyk  J.,  Banasik  M.,  Tchnologiccskojc  primcncnic 
clck!ronnogo  i lmcrnogo  luckov,  hvrornat.  Svarka.  I  O-  E  1. 
2003.  s. 70-76. 
I91  Scnjzadeh  S..  A.  Kat-imi  Tahcti:  A  study  on  nusrcnilc 
dccomnosition  durinrr  continuous  cooling  of a  low  carbon 
stccl. kviatcria~s  and &sign  25,204,  s. 673-679. 
[I01 Tsirkas  S.  A.  Papanikos  P. Kcrinnnidis Th.,  Numcrical 
simulation  or  rhc  Ixcr  wclding  proccss  in  butt-joint 
spccimcns. Journal nf Mn~crinls  Prnccssing Tcchnolo~y.  134, 
2003. s.  59-69. 
Numcryczna ocena rozkIadu tcrnpcratury ~v clcmentach spatvanych technikq Iascrowq 
W pracy przcdstarviono rnodcl numcryczny wyznaczania pola tcmpcntury w plaskowniku spawanym doczolorvo icchnikq Iascrowq. 
Polc  tcrnpcmluy  w  zlqczu  spawanym  otnymano  z  rozwiqznnin  rbrvnenia  przcwodniciwa  cicpla  I:  czloncm  konrwncyjnym  \vc 
wspblrzqdnyrh  Eulcn. Do ronviqmnia tego  rbwnania zaslosownno mctodp rbLnic  skohczonych.  \V  algorytmic  urvzglqdnionn cicplo 
krscpniqcia. cicplo przcmian fmwych w naniu slalyrn oraz cicplo parowania. Wystcpujqcc w rbwnaniu p~cwodzcnia  cicpka panmetry 
termofizyczne przyjcto zmicnnc  z tcmpcraturq. W  rnodclowaniu  ruchomcgo irbd2a spnwajqccgo.  zastosownno rnodcl ;;ri)dla  Galdakn. 
uwzgl~dniziiqcy  zmiane  gcstoici  mocy  na gl~bokoSci  zlqcza.  \Vyznaczono  rozklady  tcrnpcratury  w  zkqczu  spnwnnym  oral!  okrcSloiie 
numeryc~niu  charaktcrys1yc7nc obsrary zlqcrn. !i.  spoinq i  strcf~  rvplywu ciepta. 
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